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Conventional magnetometry is irreplaceable in evaluating bulk magnetization of 
materials over broad temperature and field ranges.  The technique is also effective 
in quantifying hysteresis that may be associated with magnetic and structural phase 
transitions that occur during the magnetizing/demagnetizing cycling, and the 
derived magnetic field-induced isothermal entropy change – one of the most 
important properties in the field of magnetocalorics. Both systematic and random 
errors present during the measurements of magnetization, however, may lead to 
erroneous conclusions. Using two well-known materials – elemental Gd and 
intermetallic Gd5Si2Ge2 as examples, we consider best practices in performing 
reliable and rapid magnetization measurements for proper characterization of 
magnetocaloric properties. 
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1. Introduction 
 
Conventional magnetization measurements are commonly employed in evaluation of 
the magnetic field-induced isothermal entropy change, S, which is one of the most 
important quantities broadly accepted as the early assessment metrics to qualify 
prospective magnetocaloric materials that exhibit either first- or second-order 
magnetic phase transitions [1–4]. Although the measurements are ubiquitous, 
evaluating S from the conventional magnetometry data remains somewhat 
controversial, especially in the immediate vicinities of first-order phase transitions [5]. 
Further, detailed knowledge of S as a function of both magnetic field and 
temperature is required for modelling and prediction of material’s performance in 
magnetocaloric cooling or/and heat pumping devices [6–12]. Reliable 
characterization of S is, therefore, important and this necessarily includes 
understanding of intrinsic limitations of the method, critical sources of errors and their 
propagation. 
Extensive use of magnetometry to characterize S, which clearly is only one of the 
facets of a broader phenomenon – the magnetocaloric effect, MCE – stems from the 
availability of equipment and convenience of measurements.  Although 
magnetometry tools are designed to directly measure bulk magnetization, M, S can 
be easily calculated from isothermal M(H)T or isofield M(T)H magnetization 
measurements, by means of the Maxwell relation: 
∆𝑆(𝑇, ∆𝐻 = 𝐻𝑓 − 𝐻𝑖) = 𝜇0∫ (
𝜕𝑀
𝜕𝑇
)
𝐻
𝑑𝐻
𝐻𝑓
𝐻𝑖
 , (1) 
Here, T is absolute temperature, 𝜇0 is permeability of vacuum, M is bulk 
magnetization, and Hf and Hi are the final and initial magnetic fields, respectively. 
More often than not, magnetization measurements are performed rather quickly, 
which is driven by limited resources available to every research group, typically 
meaning that arrays of data contain fewer measured points, perhaps, without 
realization of how this affects the end product, i.e. ∆𝑆 indirectly determined using (1). 
For example, one simple yet common feature that is often disregarded in favor of 
fast measurements is the step in temperature (or field) during data acquisition that, 
however, may lead to distorted values of both the numerically evaluated derivative 
and, therefore, the integral in (1).  As a result, promising materials may potentially be 
excluded from further consideration due to low and incorrectly determined ∆𝑆.  
In this work we consider the best practices for accurate evaluation of the isothermal 
entropy change and analyze possible errors that may occur during the magnetization 
measurement. For this, we select two archetypal materials that are well-known and 
well characterized for their MCE, Gd and Gd5Si2Ge2, which exhibit second-order and 
first-order phase transitions, respectively. We first re-measure their magnetization as 
functions of both temperature and magnetic field and then analyze the results 
identifying the pathway that leads to correct ∆𝑆 and evaluate propagation of errors. 
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2. Experimental Methods 
 
Polycrystalline Gd5Si2Ge2 sample was prepared as reported elsewhere [13]. The 
sample was then cut into a rectangular prism with approximate dimensions of 3.3 x 
0.6 x 0.7 mm3 weighing 8.6 mg using a low-speed diamond saw. Magnetization 
measurements were carried out in a Quantum Design Physical Property 
Measurement System (PPMS) with a vibrating sample magnetometer option. The 
magnetization was measured in two different orientations of the sample with respect 
to the applied magnetic field: first with the magnetic field normal to the 3.3 x 0.7 mm2 
face (Direction 1), then with the magnetic field normal to the 0.6 x 0.7 mm2 face 
(Direction 2). This was done to evaluate the effect of the demagnetization effect on 
the calculated ∆𝑆. The measurements were performed isothermally varying the 
magnetic field (isothermal regime), and at constant magnetic field varying the 
temperature (isofield regime). In the isothermal regime, M(T,H) data were acquired 
with increasing temperature by 1 K from one isotherm to another, while varying the 
field from 0 to 4 T with a field sweep rate, 𝜇0𝜕𝐻 𝜕𝑡⁄ = 2 mT∙s
-1. Between each 
isotherm, the temperature was reset to 240 K, at which the sample is fully 
ferromagnetic. Every magnetization data point was measured 3 times, each 
recorded over 5 seconds to both have accurate data and an estimate of random 
errors for evaluation of error propagation.  This type of the measurement is 
henceforth termed as the “equilibrium isothermal regime”. The isofield 
measurements were performed during the heating mode in three different ways: by 
continuous temperature sweeps at 𝜕𝑇 𝜕𝑡⁄ =1 K∙min-1 and 𝜕𝑇 𝜕𝑡⁄ =2 K∙min-1, and by 
stabilizing the temperature every 1 K without allowing overshoots. The isofield 
measurements were carried out between 250 and 290 K in the following applied 
fields: 0.05 T and 0.1 T, then from 0.25 to 2 T with a 0.25 T increment and, finally 
from 2.50 to 4.00 T with a 0.5 T increment. The detailed description of the isofield 
measurements is further found in section 3.4. 
High purity polycrystalline Gd sample was prepared by the Material Preparation 
Center of the Ames Laboratory. The magnetization measurements were done on a 
prism with approximate dimensions of 3.4 x 0.58 x 0.6 mm3 and a mass of 6.3 mg. 
All magnetization measurements of Gd were performed with the magnetic field 
vector normal to the 0.58 x 0.6 mm² face. The measurements were performed from 
250 to 350 K in the isofield regime during heating with a temperature rate 𝜕𝑇 𝜕𝑡⁄ =1 
K∙min-1 and at the same fields as the isofield measurements performed for 
Gd5Si2Ge2. 
3. Results and Discussion 
 
The results and discussions are divided into two main parts: systematic errors and 
random errors. The first part (sections 3.1-3.4) illustrates the effects of systematic 
errors related to the magnetic field and temperature sweep rates, demagnetizing 
fields, numerical approximation of the Maxwell equation, and isofield vs isothermal 
differences in first-order phase transformation materials. As we describe below, all of 
these issues must be accounted for when carrying out magnetization measurements 
for evaluating magnetocaloric properties. The second part (section 3.5) is related to 
random errors and error propagation. 
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3.1. Effect of magnetic field sweep rate 
 
Previous research has experimentally shown that the magnetic field sweep rate 
may influence the measured magnetization, especially in materials with first-order 
phase transitions. Morrison et al. [14] showed that extrinsic hysteresis due to slow 
heat exchange may be added as an artefact in “isothermal” magnetization 
measurements of La0.67Ca0.33MnO3. Similar results have been highlighted by Moore 
et al. [15] for La(Fe,Co,Si)13. They demonstrate experimentally that the heat 
exchange dynamics, namely the time necessary to equilibrate sample temperature 
with surroundings during magnetization or demagnetization of the material, may 
lead to a significant perceived magnetic hysteresis. Furthermore, heat 
generated/absorbed due to the field-induced phase transformation may, in some 
cases, continue when the magnetic field increment is completed, or even when the 
field change direction is reversed after the material enters phase separated state, 
leading to unusual hysteresis [16] that may be extreme in pulse field experiments 
[17].  In other words, the material may be not in a true isothermal state during the 
measurements.  
Still, the effect of the magnetic field sweep rate may be evaluated analytically for 
second order magnetic phase transitions (SOPT). FIG. 1 shows a schematic 
isothermal magnetization curve (the dashed line) of a magnetocaloric material 
exhibiting a conventional second order paramagnetic-ferromagnetic transition when 
measured in the immediate vicinity of its Curie temperature with a sweep rate that is 
slow enough to ensure thermal equilibrium with the surroundings at all times, thus 
avoiding heating of the specimen due to magnetocaloric effect.   
 
 
FIG. 1: Example of quasi-isothermal (solid line) and truly isothermal (dashed line) magnetization 
measured close to the Curie temperature of an SOPT material.  The illustration implies increasing 
magnetic field. When the magnetic field is decreasing, magnetizations at the highest field will be 
nearly identical and then diverge because of -δT due to MCE.  For the decreasing magnetic field, the 
solid line is the representation of a true isothermal measurement.  The inset shows schematic 
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illustrating a typical spontaneous magnetization of an SOPT material. 
The same figure also illustrates the result if the same material taken at the same 
initial temperature T0 in a zero magnetic field is not completely thermally 
equilibrated with the surroundings: the acquired M(H)T values would be slightly 
lower because of δT generated by the magnetocaloric effect. For a typical M(T)H 
dependence shown in the inset, the larger the set-point temperature means the 
lower M(H)T (we note that in the case of inverse MCE, the situation is opposite, and 
measured M(H)T will be higher). Using Taylor’s expansion, the magnetization 
measured at H0 at T0+δT is:  
𝑀(𝑇0 + 𝛿𝑇)𝐻0
⏞        
𝑛𝑜𝑛−𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
= 𝑀(𝑇0)𝐻0
⏞    
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
+
𝜕𝑀(𝑇 0)𝐻0
𝜕𝑇
𝛿𝑇 +
𝜕2𝑀(𝑇 0)𝐻0
𝜕𝑇2
𝛿𝑇2
2!
+
𝜕3𝑀(𝑇 0)𝐻0
𝜕𝑇3
𝛿𝑇3
3!
+⋯
⏞                              
𝑒𝑟𝑟𝑜𝑟
,  (2) 
For conventional SOPT materials, |δT| << 1 K when 𝜇0|𝜕𝐻 𝜕𝑡|⁄ < 0.1 T∙s
-1 and, 
therefore, terms with higher than first order derivatives in (2) can be neglected. We 
also note that for conventional materials, 
𝜕𝑀(𝑇 0)𝐻0
𝜕𝑇
 < 0, and (2) also indicates that 
sample heating during the measurements leads to reduced magnetization as 
depicted in FIG. 1.  
The same approach, however, cannot be used to evaluate first order magnetic 
phase transitions (FOPTs) in general. This is because the derivatives in (2) may no 
longer be continuous between T and 𝛿𝑇. However, one can evaluate the effect of 
the magnetic field sweep rate experimentally [18,19]. In this work, the maximum 
allowed magnetic field sweep rate (10 mT∙s-1) was apparently too slow to observe 
any effect related to non-isothermal conditions in the magnetization, as shown in 
FIG. 2. Previous studies [18,19] have shown that when the sweep rate is above 50 
mT∙s-1, the effect becomes substantial and high 𝜇0|𝜕𝐻 𝜕𝑡|⁄  should be avoided. 
Hansen et al. [18] have directly measured 𝛿𝑇 of a Gd5Si2Ge2 sample when varying 
the magnetic field in a VSM at the initial temperature of 270 K and observed that at 
50 mT∙s-1, 𝛿𝑇 was close to 2 K and, therefore, the sample was no longer in 
isothermal equilibrium. The same experiment performed at 𝜇0𝜕𝐻 𝜕𝑡 ⁄ = 2 mT∙s
-1 
showed no significant 𝛿𝑇. Ghivelder et al. [20] demonstrated that sample 
environment may substantially affect the behavior of the hysteresis loop itself.  If the 
environment does not allow the sample to thermally equilibrate quickly enough, an 
avalanche-like transition [21,22] may occur. Therefore, thermal properties of the 
surrounding itself must be taken into account when analyzing the data acquired. 
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FIG. 2: (color online) Magnetization vs. magnetic field loops of Gd (circles) and Gd5Si2Ge2 (squares) 
measured at two different sweep rates.  The arrows indicate the directions of the magnetic field 
change.  The loops coincide nearly ideally, indicating that the sample remains at thermal equilibrium 
when 2 mT∙s
-1
  𝜇0|𝜕𝐻 𝜕𝑡|⁄   10 mT∙s
-1
. 
 
3.2. Demagnetization effect on the calculated entropy change 
 
The magnetization of polycrystalline Gd5Si2Ge2 sample was measured in two 
different directions as illustrated in the inset of FIG. 3(a). Direction 1 is with high and 
direction 2 is with low demagnetizing fields. The demagnetizing field, Hdemag, 
generated by the material can be calculated using the following equation 
𝐻𝑑𝑒𝑚𝑎𝑔 = 𝑁𝐷𝜇0𝑀(𝐻𝑖𝑛𝑡, 𝑇),   (3) 
Where ND is the demagnetization factor, Hint = Happ – Hdemag and Happ is the 
externally applied magnetic field. 
For directions 1 and 2, ND = 0.45 and ND = 0.10, respectively, approximated after 
[23] and FIG. 3(a) shows the demagnetizing field as a function of temperature when 
the Gd5Si2Ge2 sample is measured in direction 1. The demagnetizing field can be as 
large as 0.55 T in the ferromagnetic region when the applied magnetic field is 4.0 T. 
FIG. 3(b) shows isothermal magnetization measurements at 252 K, where the 
material is in the ferromagnetic state.  One may see that after correcting for the 
demagnetization effect, the magnetization curves are on top of each other regardless 
of the measurement direction. Clearly the demagnetization effects must be 
accounted for if one wants to compare magnetic (and magnetocaloric) properties of 
different materials, especially if their demagnetization factors were substantially 
different. 
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FIG. 3: (color online) (a) Demagnetizing field in the Gd5Si2Ge2 sample when measured in direction 1 
with ND = 0.45. The inset illustrates geometrical relationships between the magnetic field vector and 
the shape of the sample. (b) Comparison of corrected (squares) isothermal magnetization data with 
uncorrected (circles) for both directions. 
In this work, the integral in (1) is approximated by using the trapezoidal rule, and the 
derivative is approximated using central difference so the equation to calculate the 
entropy change becomes: 
∆𝑆(𝑇𝑛, ∆𝐻 = 𝐻𝑘 − 𝐻0) = 𝜇0 ∑
𝑀𝑛+1,𝑘′ −𝑀𝑛−1,𝑘′
𝑇𝑛+1 − 𝑇𝑛−1
(𝐻𝑛,𝑘′+1 − 𝐻𝑛,𝑘′)
𝑘
𝑘′=0
 , (4) 
where n and k are the running indices indicating neighboring temperature and 
magnetic field values, respectively, in the array of magnetization data. The central 
difference facilitates the analysis of the data, as it allows to have the ΔS at the 
measured temperature Tn instead of the value at a temperature (𝑇𝑛 + 𝑑𝑇 2⁄ ) where 
there is no magnetization measurement, which would be the case for forward and 
backward differences. 
FIG. 4(a) shows ΔS(T,H), calculated using equation (4) from isothermal 
magnetization data measured in the equilibrium mode in direction 1 with ND = 0.45 
corrected (solid line) and uncorrected (dashed line) for demagnetization. Without the 
correction, the calculated entropy change is lower compared to the one where 
demagnetizing field has been accounted for, much more so for low H. This is 
because the measured magnetization is dependent upon the internal field, Hint, 
which is always smaller than Happ, see (1), in soft ferromagnetic materials. The 
demagnetization correction becomes less critical when the field change is larger, as 
also illustrated in FIG. 4(b). As follows from FIG. 3(b), the corrected vs uncorrected 
magnetization difference is larger in smaller fields, so the larger the field, the lower is 
the effect on the calculated ΔS(T,H). In this particular case, once corrected for 
demagnetization, the maximum entropy change is 30% higher than without the 
correction for the magnetic field change of 1 T starting from 0, while only a 5% 
difference is observed when H is tripled to 3 T. A common feature in the 
measurements uncorrected for demagnetizing field, is the smaller slope of ΔS(ΔH)T 
as seen in FIG. 4(b) at low fields, highlighted by shaded region in the plot. Indeed 
this issue becomes critical when modeling a material, either using mean field or 
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other models, such as the Bean-Rodbell model [24,25]. 
 
 
FIG. 4: (color online) (a) Magnetic field-induced entropy change and (b) maximum entropy change for 
different field changes measured in direction 1, corrected (solid line) and not corrected (dashed line) 
for demagnetizing field. 
It is important to keep in mind that there should be only one value of entropy change 
at a given field change and temperature that is real (correct) for a given material. Our 
goal here is to evaluate what is the best way to obtain the correct value when 
calculating it from magnetization measurements and what is the effect of different 
experimental procedures. FIG. 5 compares entropy changes using corrected and 
uncorrected magnetization data. When demagnetization factor is low (ND=0.10) the 
resulting ΔS(T)T are barely affected by the correction with the exception of the field 
change below 1.0 T, unlike the result with the larger demagnetization factor.  This 
shows that when preparing a sample for magnetization measurements, its 
orientation with respect to the magnetic field must be considered to minimize 
systematic errors. 
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FIG. 5: (color online) Magnetic field-induced entropy changes calculated for different magnetic field 
changes using magnetization data measured in different orientations to compare the effect of 
correcting (right panel) and not correcting (left panel) for the demagnetizing field. Horizontal colored 
lines are used to aid in the comparison between the plots. 
 
3.3. Temperature step effect on the calculated magnetic entropy change 
Application of numerical methods to obtain entropy change from equation (1), e.g. as 
in equation (4), is broadly employed in the magnetocaloric community. Nevertheless, 
the approximations performed to evaluate both the derivative and the integral in (1) 
are sometimes loosely applied. In this section, we evaluate the effect of the 
temperature step employed, i.e. 𝛿𝑇 = 𝑇𝑛+1 − 𝑇𝑛, on the entropy change calculated 
from isofield magnetization data. This was done by measuring Gd5Si2Ge2 with 
𝛿𝑇 = 1 K, and systematically omitting data points in the summation (4) to, in such a 
way, evaluate entropy changes as if the actual measurements were carried out with 
𝛿𝑇 > 1 K. 
FIG. 6(a) shows the entropy change of Gd5Si2Ge2 as a function of temperature for a 
field change of 1.5 T for different 𝛿𝑇 values. One may see that increasing 𝛿𝑇 to 5 K, 
i.e. using only every fifth available data point, decreases the maximum absolute 
entropy change, by as much as 35% from that computed using full data set 
measured with 𝛿𝑇 = 1 K. This is related to the fact that ΔS(T)T is proportional to 
(𝜕𝑀 𝜕𝑇⁄ ), and not to the overall change of magnetization, ΔM, during the transition. 
Indeed as FIG. 6(b), shows ΔM remains the same regardless of 𝛿𝑇.  By skipping 
some of the available data points, which is equivalent to carrying the measurements 
with a larger 𝛿𝑇 as indicated by the lines connecting the data points makes the 
transition less sharp, with smaller (and wrong) |(𝜕𝑀 𝜕𝑇⁄ )|.  
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FIG. 6: (color online) (a) Magnetic field-induced entropy change for Gd5Si2Ge2 as a function of 
temperature calculated for 0ΔH = 1.5 T for different 𝛿𝑇. Magnetization as a function of temperature 
plotted with different values of 𝛿𝑇. (b) Isofield magnetization curves as a function of temperature 
plotted (or measured) with two different 𝛿𝑇 = 1 and 5 K for μ0H = 1 T. (c) Effect of the starting 
temperature, T1, on the calculated magnetic field-induced entropy change curve. (d) Maximum 
magnetic field-induced entropy changes normalized against the entropy change calculated for 𝛿𝑇 = 1 
K. 
What is, perhaps, less obvious is that even with the same 𝛿𝑇, it is possible to obtain 
results that are substantially different with regard to the peak location in ΔS(T)T.  
FIG. 6(c) shows that by changing the starting temperature, Ti, from 251 K to 253 K, 
the peak temperature shifts as much as 3 K, while if an infinitesimal 𝛿𝑇 is used there 
should be no changes depending on Ti. An earlier study has shown [26] that it is of 
utmost importance to know the peak temperature to correctly choose materials for 
layered magnetocaloric regenerators. In addition, FIG. 6(d) shows the entropy 
change calculated for different 𝛿𝑇 values normalized with respect to that calculated 
with 𝛿𝑇 = 1 K as a function of the temperature step and for different magnetic field 
changes. Once again it is clear that the larger the temperature step, the larger the 
systematic error. For the larger magnetic field changes, the relative errors become 
smaller, which is easy to understand as the transition becomes gradually less sharp 
as the magnetic field increases. FIG. 6(d) also shows the effect of different 
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temperature steps on the calculation of the entropy change in a second order 
material, Gd. The phase transition in Gd is already quite broad and without a 
discontinuity. Therefore, the effect of the numerical approximation of the derivative 
(𝜕𝑀 𝜕𝑇⁄ ) is much weaker and becomes practically negligible for temperature steps 
less than 3 K. We also note that as 𝛿𝑇 approaches 0, in principle, the derived 
magnetic entropy changes should approach true values, yet choosing 𝛿𝑇 smaller 
than 1 K may lead to noisy 𝜕𝑀 𝜕𝑇⁄  due to minor temperature fluctuations, translating 
into noisy ΔS(T)T.  
 
3.4. Isofield vs. Isothermal measurements 
 
When characterizing magnetocaloric materials, isothermal measurements are more 
common as one can also extract the extent of magnetic hysteresis, the 
metamagnetic transition field, etc. Nonetheless, isothermal measurements may lead 
to erroneous values of the calculated entropy change if the measurements are not 
carried out properly [5,27]. 
FIG. 7 shows magnetization data of Gd5Si2Ge2 measured with 𝛿𝑇 = 1 K derived from 
measurements done in the (a) isothermal regime by varying the magnetic field and 
(b) isofield regimes through the rearrangement of data collected when varying T (in 
both cases in direction 2 to minimize demagnetization). The metamagnetic 
transitions are clearly present, but the isothermal regime makes data collection with 
a smaller field step much easier which can be attractive as it allows a larger density 
of data points without substantially prolonging the measurements.  The main 
difference between the two data sets is that at low fields the isothermal 
measurements always exhibit a plateau, which is related to the phase separated 
state where a fraction of the sample is ferromagnetic while the remainder is 
paramagnetic [13,28]. The isofield measurements do not show this behavior.  
 
FIG. 7: (color online) Magnetization of Gd5Si2Ge2 as a function of magnetic field (a) measured in the 
isothermal regime and (b) derived from measurements in the isofield regime.  Both sets of data are 
collected and plotted with 𝛿𝑇 = 1 K. 
The choice of 𝜕𝑇 𝜕𝑡⁄  during the isofield measurements has an effect on the 
calculated entropy change, as illustrated for Gd5Si2Ge2 in FIG. 8(a).  Comparing the 
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results when the temperature was held constant at each point during the 
measurements and when it was swept rather slowly with 𝜕𝑇 𝜕𝑡⁄  = 1 K∙min-1, there are 
no significant differences: the maximum values of ST are within ~3 % and the peak 
temperatures are within less than a half of the temperature step, i.e. less than 0.5 K. 
Therefore, measurements performed with 𝜕𝑇 𝜕𝑡⁄  = 1 K∙min-1 appear reliable, and 
provide an additional advantage since the temperature steps may be smaller than 1 
K. With the smaller step the errors discussed in the previous section can be 
minimized, while still benefiting from fast measurements as the temperature sweep 
requires no stabilization time. When 𝜕𝑇 𝜕𝑡⁄  increases to 2 K∙min-1 the entropy 
change maximum value decreases, however the main issue is that the peak 
becomes (significantly) displaced by ~2 K, and therefore, temperature sweep rates 
greater than 1 K∙min-1 should be avoided. The exact value of the maximum allowable 
𝜕𝑇 𝜕𝑡⁄  will depend on the heat transfer properties of exchange gas (in our case He), 
sample size and shape (in our case a few milligrams and a few millimeters), and on 
the configuration of the magnetometer (in our case PPMS).  Ideally it should be 
established by calibration using well-characterized standards exhibiting both first- 
and second-order transition materials.  
FIG. 8(b) shows a comparison between the isothermal entropy changes calculated 
from isothermal and isofield data of FIG. 7 for three different magnetic field changes. 
The ΔS(T,H) calculated from the isothermal measurements has a noticeable 
spurious peak, which is, however, not as severe as was reported earlier [5]. This 
peak arguably occurs due to the compound being in the phase separated state 
before the start of each isothermal measurement. The mixture of ferromagnetic and 
paramagnetic phases and the field-induced paramagnetic to ferromagnetic transition 
(which triggers the actual MCE) can lead to incorrect entropy change peaks. It has 
been proposed [5,29] that resetting a material to a fully homogenous ferromagnetic 
or paramagnetic state before each isotherm helps to avoid the artificial peaks. Even 
though this protocol was followed as explained in section 2, the peak is still present, 
albeit much reduced. In the isofield mode, the anomalous peak disappears, as the 
recorded data correspond to a full transformation from the ferromagnetic to the 
paramagnetic phase during heating, and the temperature remains the only variable 
parameter giving more reliable entropy change values. 
 
FIG. 8: (color online) (a) Magnetic field-induced entropy change of Gd5Si2Ge2 as a function of 
temperature calculated from magnetization measurements performed with different 𝜕𝑇 𝜕𝑡⁄ . (b) 
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Comparison of magnetic field-induced entropy changes for three different magnetic field changes of 1, 
2, and 3 T calculated from magnetization measurements performed in the isothermal and isofield 
(stable temperature) regimes. 
 
3.5. Error propagation 
 
When magnetization measurements are performed with the goal to calculate ΔS, 
there are three recorded variables: temperature, applied magnetic field, and bulk 
magnetization. We note that each one of these variables carries identifiable 
uncertainties (random errors).  Below we analyze error propagation adopting the 
following assumptions: 
i. The magnetization process occurs at constant pressure with negligible 
volume changes. 
ii. Kinetic effects, which may be substantial during first-order phase transitions 
in magnetic materials [21,22,30] are negligible. 
iii. The systematic errors related to sample mass are negligible.  
iv. Uncertainties in T, H, and M are independent, i.e. invariant with respect to 
one another.  
To estimate systematic errors, we follow the previous investigations [31,32], where 
the systematic error in magnetization, σM, is 0.5 % or less, in the magnetic field, σH,  
0.1 % or less, and in temperature 𝜎𝑇 = 0.1 + 0.001𝑇 K or less. For the random 
errors, we assume that the error in the applied magnetic field is negligible as the 
typical random error in the field is on the order of 10-5 T (calculated from the isofield 
measurements). As the random error in the temperature (calculated from isothermal 
measurements) is in the range of 5 mK, it can also be neglected. Random errors in 
magnetization were estimated during the isothermal measurements of Gd5Si2Ge2 as 
the standard deviations from the average of three consecutive measurements with a 
hold time of 5 s each. Every 5 s hold is in itself the average of several measurements 
being continuously done during the course of 5 seconds that yields a single value of 
bulk magnetization.  
The magnetic entropy change can be calculated from magnetization measurements 
using equation (4), given the assumptions listed above. In order to simplify the error 
propagation during the calculations we divide different parts of equation (4) as 
follows: 
∆𝑠(𝑇𝑛, 𝐻0, 𝐻𝑘) = 𝜇0 ∑
𝑀𝑛+1,𝑘′ −𝑀𝑛−1,𝑘′⏞          
𝑎11
𝑇𝑛+1 − 𝑇𝑛−1⏟        
𝑎12
(𝐻𝑛,𝑘′+1 − 𝐻𝑛,𝑘′)⏞          
𝑎13
⏟                      
𝐴1
𝑘
𝑘′=0
 
. (5) 
The error in 𝑎11 is 
(𝜎𝑎11)
2 = (𝜎𝑀(𝑇𝑛+1, 𝐻𝑘′))
2 + (𝜎𝑀(𝑇𝑛−1, 𝐻𝑘′))
2,   (6) 
in 𝑎12 is 
(𝜎𝑎12)
2 = (𝜎𝑇𝑛+1)
2 + (𝜎𝑇𝑛−1)
2,   (7) 
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and the error in 𝑎13is 
(𝜎𝑎13)
2 = (𝜎𝐻𝑛,𝑘′+1)
2
+ (𝜎𝐻𝑛,𝑘′−1)
2
.   (8) 
The error in 𝐴1 can be calculated as  
(
𝜎𝐴1
𝐴1
)
2
= (
𝜎𝑎11
𝑎11
)
2
+ (
𝜎𝑎12
𝑎12
)
2
+ (
𝜎𝑎13
𝑎13
)
2
  
. (9) 
Finally, the error in the entropy change can be calculated by the following equation 
𝜎∆𝑠(𝑇𝑛, 𝐻0, 𝐻𝑘) = 𝜇0√∑(𝜎𝐴1)𝑘′
2
𝑘
𝑘′=0
 . (10) 
which can be solved numerically. The systematic and random errors are calculated 
from these formulae separately and the total error is [33]   
(𝜎∆𝑠)2 = (𝜎∆𝑠)𝑟𝑎𝑛
2 + (𝜎∆𝑠)𝑠𝑦𝑠
2 .   (11) 
 
FIG. 9 shows the relative (a) random and (b) total errors in the entropy change 
calculated for different field changes as functions of temperature. Comparing both 
plots, the effect of random errors is nearly two orders of magnitude smaller, making 
systematic errors dominant, where the largest source of errors are temperature 
uncertainties. FIG. 9(c) shows that as expected, the errors are larger at the peak, 
which is the region of the largest absolute values of 𝜕𝑀 𝜕𝑇⁄ . Moreover, the smallest 
relative errors are observed for the largest magnetic field changes, which is due to 
overall larger values of ΔS(T)T. The errors described here are in the same range as 
those of the entropy changes determined from “direct measurements” in Peltier-
based DSCs [29]. However, “direct measurements” are not influenced by the errors 
related to varying magnetic field sweep rates or by the choice of temperature step, 
because the principles of magnetization and DSC measurements are different. 
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FIG. 9: (color online) Relative (a) random and (b) total errors in entropy change calculated as a 
function of temperature for different magnetic field changes from isothermal magnetization data of 
FIG. 7(a). Panel (c) is magnetic field-induced entropy change as a function of temperature shown for 
different H with error bars. 
 
4. Conclusions 
 
Based on the analysis of how different aspects related to magnetization 
measurements may influence the calculated magnetic entropy change of a material, 
high quality and reliability are ensured by:  
1. Orienting the sample when possible with respect to the magnetic field vector 
to ensure the smallest demagnetizing factor, thus minimizing errors related to 
over/under-corrections; 
2. When possible, taking into account the demagnetizing field and therefore 
calculating the internal magnetic field experienced by the sample; 
3. Using isofield rather than isothermal measurement for materials exhibiting 
first-order phase transitions because of 
a. Availability of smaller temperature steps that result in more accurate 
values of the calculated entropy change; 
b. Ability to measure sample relatively quickly without compromising 
accuracy of the calculated entropy change; 
c. Easy avoidance of spurious peaks of ΔS(T,H). 
4. Ensuring that the chosen temperature steps are commensurate with the 
sharpness of the transition and proper approximation of the derivative in 
equation (1) by means of equation (4). 
5. Avoiding thermal overshooting, in particular when examining materials that 
exhibit first order phase transitions, and which may be trapped in a state 
corresponding to the maximum (or minimum) reached instead of the target 
temperature. 
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All of the above leads to minimization of systematic errors that represent a major 
contribution to the overall errors in the isothermal magnetic field-induced entropy 
change derived from magnetization measurements. Random errors, as the name 
suggests, are nearly impossible to avoid, yet their contributions are the smallest 
when the measurements are performed using a properly maintained and calibrated 
instrument.  
 
5. Acknowledgements 
 
This work is performed under auspices of the caloric materials consortium, 
CaloriCool®, which is a member of the Energy Materials Network and is supported 
by the Advanced Manufacturing Office of the Office of Energy Efficiency & 
Renewable Energy and managed jointly through the Advanced Manufacturing and 
Building Technologies Offices of the U.S. Department of Energy.  Ames Laboratory 
is operated for the U.S. Department of Energy by Iowa State University of Science 
and Technology under Contract No. DE-AC02-07CH11358. 
 
References 
[1] L. Jia, G.J. Liu, J.R. Sun, H.W. Zhang, F.X. Hu, C. Dong, G.H. Rao, B.G. 
Shen, Entropy changes associated with the first-order magnetic transition in 
LaFe13-xSix, J. Appl. Phys. 100 (2006) 123904. doi:10.1063/1.2404468. 
[2] J. Lyubina, M. Kuz’min, K. Nenkov, O. Gutfleisch, M. Richter, D. Schlagel, T. 
Lograsso, K. Gschneidner, Magnetic field dependence of the maximum 
magnetic entropy change, Phys. Rev. B. 83 (2011) 2–5. 
doi:10.1103/PhysRevB.83.012403. 
[3] H. Zhang, J. Shen, Q. Dong, T. Zhao, Y. Li, J. Sun, B. Shen, The spike in the 
relation between entropy change and temperature in LaFe11.83Si1.17 compound, 
J. Magn. Magn. Mater. 320 (2008) 1879–1883. 
doi:10.1016/j.jmmm.2008.02.128. 
[4] V.K. Pecharsky, K.A. Gschneidner Jr., Magnetocaloric effect from indirect 
measurements: Magnetization and heat capacity, J. Appl. Phys. 86 (1999) 
565–575. 
[5] L. Caron, Z.Q. Ou, T.T. Nguyen, D.T. Cam Thanh, O. Tegus, E. Brück, On the 
determination of the magnetic entropy change in materials with first-order 
transitions, J. Magn. Magn. Mater. 321 (2009) 3559–3566. 
doi:10.1016/j.jmmm.2009.06.086. 
[6] K. Engelbrecht, K.K. Nielsen, C.R.H. Bahl, C.P. Carroll, D. Van Asten, Material 
properties and modeling characteristics for MnFeP1-xAsx materials for 
application in magnetic refrigeration, 173510 (2013). doi:10.1063/1.4803495. 
[7] H.N. Bez, K.K. Nielsen, A. Smith, C.R.H. Bahl, A detailed study of the 
hysteresis in La0.67Ca0.33MnO3, J. Magn. Magn. Mater. 416 (2016) 429–433. 
doi:10.1016/j.jmmm.2016.05.011. 
[8] H.N. Bez, K.K. Nielsen, P. Norby, A. Smith, C.R.H. Bahl, Magneto-elastic 
coupling in La(Fe, Mn, Si)13Hy within the Bean-Rodbell model, AIP Adv. 6 
(2016) 56217. doi:10.1063/1.4944400. 
[9] P. V. Trevizoli, J.R. Barbosa, A. Tura, D. Arnold, A. Rowe, Modeling of 
 17 
 
Thermomagnetic Phenomena in Active Magnetocaloric Regenerators, J. 
Therm. Sci. Eng. Appl. 6 (2014) 31016. doi:10.1115/1.4026814. 
[10] J.A. Lozano, K. Engelbrecht, C.R.H. Bahl, K.K. Nielsen, J.R. Barbosa, A.T. 
Prata, N. Pryds, Experimental and numerical results of a high frequency 
rotating active magnetic refrigerator, Int. J. Refrig. 37 (2014) 92–98. 
doi:10.1016/j.ijrefrig.2013.09.002. 
[11] O. Tegus, G.X. Lin, W. Dagula, B. Fuquan, L. Zhang, E. Brück, F.R. de Boer, 
K.H.J. Buschow, A model description of the first-order phase transition in 
MnFeP1−xAsx, J. Magn. Magn. Mater. 290–291 (2005) 658–660. 
doi:10.1016/j.jmmm.2004.11.325. 
[12] A. Kitanovski, J. Tusek, U. Tomc, U. Plaznik, M. Ozbolt, A. Poredos, 
Magnetocaloric Energy Conversion, Springer, 2015. 
[13] A.O. Pecharsky, K.A. Gshneidner Jr., V.K. Pecharsky, C.E. Schindler, The 
room temperature metastable / stable phase relationships in the pseudo-binary 
Gd5Si4–Gd5Ge4 system, J. Alloys Compd. 338 (2002) 126–135. 
[14] K. Morrison,  A. Berenov, L. Cohen, Origin of Hysteresis in La0.67Ca0.33MnO3, 
MRS Proc. 1310 (2011) mrsf10-1310-ff02-05. doi:10.1557/opl.2011.590. 
[15] J.D. Moore, K. Morrison, K.G. Sandeman, M. Katter, L.F. Cohen, Reducing 
extrinsic hysteresis in first-order La(Fe,Co,Si)13 magnetocaloric systems, Appl. 
Phys. Lett. 95 (2009) 252504. doi:10.1063/1.3276565. 
[16] E.M. Levin, K.A. Gschneidner Jr, V.K. Pecharsky, Magnetic properties of 
Gd5(Si1.5Ge2.5) near the temperature and magnetic field induced first order 
phase transition, J. Magn. Magn. Mater. 231 (2001) 135–145.  
[17] Z.W. Ouyang, H. Nojiri, S. Yoshii, G.H. Rao, Y.C. Wang, V.K. Pecharsky, K.A. 
Gschneidner, Field-induced magnetostructural transition in Gd5Ge4 studied by 
pulsed magnetic fields, Phys. Rev. B. 77 (2008) 184426. 
doi:10.1103/PhysRevB.77.184426. 
[18] B.R. Hansen, C.R.H. Bahl, L.T. Kuhn, A. Smith, K.A. Gschneidner, V.K. 
Pecharsky, Consequences of the magnetocaloric effect on magnetometry 
measurements, J. Appl. Phys. 108 (2010) 43923. doi:10.1063/1.3466977. 
[19] L. von Moos, Hysteresis in magnetocaloric materials An experimental and 
modelling approach, Technical University of Denmark, 2014. 
[20] L. Ghivelder, G.G. Eslava, R.S. Freitas, G. Leyva, F. Parisi, Avalanche-like 
metamagnetic transition in (LaNd)CaMnO manganites, J. Alloys Compd. 680 
(2016) 494–499. doi:10.1016/j.jallcom.2016.04.152. 
[21] S. Hébert, A. Maignan, V. Hardy, C. Martin, M. Hervieu, B. Raveau, Avalanche 
like field dependent magnetization of Mn-site doped charge-ordered 
manganites, Solid State Commun. 122 (2002) 335–340. doi:10.1016/S0038-
1098(02)00089-3. 
[22] M.J. Jackson, E. Lhotel, S.R. Giblin, S.T. Bramwell, D. Prabhakaran, K. 
Matsuhira, Z. Hiroi, Q. Yu, C. Paulsen, Dynamic behavior of magnetic 
avalanches in the spin-ice compound Dy2Ti2O7, Phys. Rev. B. 90 (2014) 
64427. doi:10.1103/PhysRevB.90.064427. 
[23] A. Aharoni, Demagnetizing factors for rectangular ferromagnetic prisms, 
Jounal Appl. Phys. 83 (1998) 3432–3434. 
[24] C.P. Bean, D.S. Rodbell, Magnetic disorder as a first-order phase 
transformation, Phys. Rev. 126 (1962) 104–115. 
doi:10.1103/PhysRev.126.104. 
[25] C.R.H. Bahl, K.K. Nielsen, The effect of demagnetization on the 
magnetocaloric properties of gadolinium, J. Appl. Phys. 105 (2009) 13916. 
 18 
 
doi:10.1063/1.3056220. 
[26] T. Lei, K.K. Nielsen, K. Engelbrecht, C.R.H. Bahl, H. Neves Bez, C.T. Veje, 
Sensitivity study of multi-layer active magnetic regenerators using first order 
magnetocaloric material La(Fe,Mn,Si)13Hy, J. Appl. Phys. 118 (2015) 14903. 
doi:10.1063/1.4923356. 
[27] L. von Moos, C.R.H. Bahl, K.K. Nielsen, K. Engelbrecht, The influence of 
hysteresis on the determination of the magnetocaloric effect in Gd5Si2Ge2, J. 
Phys. D. Appl. Phys. 48 (2015) 25005. doi:10.1088/0022-3727/48/2/025005. 
[28] V.K. Pecharsky, K. A. Gschneidner, Jr., Giant Magnetocaloric Effect in 
Gd5Si2Ge2, Phys. Rev. Lett. 78 (1997) 4494–4497. 
doi:10.1103/PhysRevLett.78.4494. 
[29] K.K. Nielsen, H.N. Bez, L. von Moos, R. Bjørk, D. Eriksen, C.R.H. Bahl, Direct 
measurements of the magnetic entropy change, Rev. Sci. Instrum. 86 (2015) 
103903. doi:10.1063/1.4932308. 
[30] E. Lovell, A.M. Pereira,  A. D. Caplin, J. Lyubina, L.F. Cohen, Dynamics of the 
First-Order Metamagnetic Transition in Magnetocaloric La(Fe,Si)13 : Reducing 
Hysteresis, Adv. Energy Mater. 5 (2015) 1401639. 
doi:10.1002/aenm.201401639. 
[31] V.K. Pecharsky, K. A. Gschneidner, Magnetocaloric effect from indirect 
measurements: Magnetization and heat capacity, J. Appl. Phys. 86 (1999) 
565. doi:10.1063/1.370767. 
[32] M. Földeàki, R. Chahine, T.K. Bose, Magnetic measurements: A powerful tool 
in magnetic refrigerator design, J. Appl. Phys. 77 (1995) 3528–3537. 
doi:10.1063/1.358648. 
[33] J.R. Taylor, An Introduction To Error Analysis: The Study Of Uncertainties in 
Physical Measurements, 1982. 
 
